Abstract. Nonrandom seed release is an important determinant of how far seeds disperse, but the mechanisms that promote wind-related seed release under varying atmospheric conditions are poorly understood. We explored the use of particle image velocimetry (PIV) to gain a better mechanistic understanding of seed release by visualizing the flow velocities and vorticity in a two-dimensional slice of air around inflorescences. Pilot data taken in a wind tunnel show gradients in air velocity at the top of Carduus nutans capitula that may contribute to lift generation. Additionally, von Ka´rma´n vortex streets (vortices of opposite spin that are shed from the wake of an object) were observed shedding from capitula, which cause lateral forces on capitula and increase turbulence downwind at other locations. Avenues for further research include using PIV to examine the mechanisms of seed release and dispersal in wind tunnels and in the field. We found PIV to be a promising method to further explore the mechanisms behind seed release in wind dispersed plants, and a technique rich with opportunities for collaborations between plant dispersal ecologists and fluid dynamics specialists.
INTRODUCTION
The conditions that promote seed release of wind dispersed plants are studied infrequently in comparison to the actual movement process (Greene 2005 , Kuparinen 2006 . In fact, many mechanistic wind dispersal models assume that the timing of seed release is random (e.g., Tackenberg 2003 , Soons et al. 2004 , Katul et al. 2005 ; but see Greene and Johnson 1996 , and Schippers and Jongejans 2005 for a different opinion). When seed release is assumed to be nonrandom and dependent on environmental conditions, for example based on minimum release threshold wind speeds, these models lead to different dispersal kernel predictions (Schippers and Jongejans 2005) and provide a better fit to empirical data Bullock 2008, Wright et al. 2008) . Therefore, mechanistic studies of seed release are critical to the calculation of accurate dispersal kernels, which affect projected spatial and genetic population structure, metapopulation dynamics, and migrations due to climate change (Brown and Kodric-Brown 1977 , Harper 1977 , Ouborg et al. 1999 , Nathan and Muller-Landau 2000 , Levin et al. 2003 as well as management decisions for endangered and invasive species (Trakhtenbrot et al. 2005 , Jongejans et al. 2008 .
A variety of research methods has been used to study the environmental conditions that promote seed release in wind dispersed species. Observational studies of the conditions that influence seed release have been conducted with and without the use of cameras (e.g., Greene and Johnson 1992 , Nathan et al. 1999 , Wright et al. 2008 . Experiments have also used variable wind speeds provided by fans or wind tunnels (e.g., Greene and Johnson 1992 , Jongejans and Telenius 2001 , Greene 2005 , Skarpaas et al. 2006 , Jongejans et al. 2007 , Soons and Bullock 2008 . These studies have shown that seeds tend to preferentially release under dry, and for some species warm, conditions with high wind speeds or turbulent wind conditions. 4 E-mail: kmarchetto@gmail.com However, research describing fine scale air movements at the seed level is absent, despite the fact that this is the scale at which seed and maternal structure characteristics interact with moving air molecules, leading to seed release. Air velocities around inflorescences have not been described, nor have vortices (circulating regions of air flow) been characterized in their wakes. Inflorescences have many complex shapes, so air flow around these plant structures must be measured empirically (Niklas 1992) . We explored the use of a fluid dynamics technique, particle image velocimetry (PIV), as a promising method to study air movement around plant structures. PIV allows the visualization of fine scale air velocities by measuring the distance that groups of tracer aerosol particles travel between successive camera images. Using this technique, air velocity vector maps can be produced showing a two-dimensional slice of air flow around an object; additionally, areas of high air circulation in the wake of objects can be characterized. PIV offers several advantages over other techniques, such as the ability to create instantaneous air velocity fields, and has revolutionized the study of fluid mechanics through a better understanding of turbulence and vorticity (Adrian 1991 (Adrian , 2005 .
Currently, most PIV studies of biological systems concern the movement of insects, birds, and fish (e.g., Drucker and Lauder 2001 , Bomphrey et al. 2005 , Warrick et al. 2005 ; the use of PIV to study the interactions of plants with wind is less common. Air flow above corn canopies has been studied to understand momentum and energy flux into and out of the canopy, with implications for pollen dispersal (Zhu et al. 2006 , van Hout et al. 2007 ). PIV has also been used to study air flow above and around bryophyte cushions with respect to evaporative water loss (Rice et al. 2001) . In addition, model trees in a sparse canopy have been used for preliminary studies of within canopy air movements (Pietri et al. 2005) . However, the use of PIV to study issues related to seed dispersal is an emerging field. To our knowledge, the only other such study is by Lentink et al. (2009) , which used PIV to characterize the leadingedge vortices that increase the lift of falling samaras.
The use of PIV to describe air flow around inflorescences could lead to a more mechanistic understanding of seed release from inflorescences of different morphology and phenology, and from varying plant architectures under a range of environmental conditions. Air velocities around seeds could influence the seed release and dispersal process by affecting the motive force for seed release and initial seed trajectories. Turbulence produced by the plant structures could also increase seed release at different inflorescence positions, possibly at lower ambient wind speeds (Skarpaas et al. 2006 , Jongejans et al. 2007 , which would influence dispersal distances (Schippers and Jongejans 2005, Soons and Bullock 2008) .
The objective of this contribution is to communicate the potential benefits of PIV for interdisciplinary studies of seed release mechanisms in wind dispersed plants. Preliminary results of air flow around Carduus nutans L. (Asteraceae) capitula are presented to demonstrate the utility of this method and stimulate discussion of future research. This species was chosen due to its large capitula, economic importance as an invasive species, and the relatively large body of knowledge regarding its seed release and dispersal (Smith and Kok 1984 , Skarpaas et al. 2006 , Jongejans et al. 2007 .
MATERIALS AND METHODS
Study species.-Carduus nutans is a monocarpic, perennial thistle from Eurasia that is invasive in several other continents, including North America. C. nutans capitula are 10-50 mm in diameter and can contain approximately 165-400 seeds each (Desrochers et al. 1988 , Sezen 2007 . Peduncles tend to bend below capitula, causing them to nod. Seeds are approximately 4 mm long by 1.5 mm in diameter attached to pappi (diameter ¼ 27.4 6 6.8 mm [mean 6 SD]) composed of a ring of white filaments (length ¼ 18.3 6 2.5 mm). Pappi expand prior to seed release Kok 1984, Jongejans et al. 2007 ) and extend beyond the main body of the capitulum.
Particle image velocimetry method and equipment.-PIV involves taking images of the change in position of aerosol tracer particles illuminated by a laser (Adrian 2005) . The extent to which particles track the flow of the fluid depends on their aerodynamic size. Air velocities can be determined because the distance and direction of particle movements are known for a given amount of time between images. The work presented here used PIV equipment mounted in a low turbulence, closed return wind tunnel with a closed test section (test section 90 cm high, 60 cm wide, and 6 m long; see also Appendix A; Rae and Pope 1984) Thistle capitula were attached to a 37.5 cm tall threaded rod, of 1.5 cm diameter, centered directly under the light sheet. A threaded rod was chosen to match previous C. nutans seed release experiments (e.g., Skarpaas et al. 2006 , Jongejans et al. 2007 ). The number of capitula used in testing was kept low (5-10 capitula), to reduce morphological variation. Capitula were collected from naturalized populations of C. nutans in central Pennsylvania, and were allowed to dry in the lab before use because dry capitula are known to release more seeds (Jongejans et al. 2007) . Testing occurred at high wind speeds (6 m/s for laminar flow) with either laminar or turbulent flow in the test section. As observed in previous work, capitula release many seeds at this wind speed, and turbulent flow causes greater seed release than laminar flow (Skarpaas et al. 2006 , Jongejans et al. 2007 ). More is known about the flow characteristics of simple objects in laminar flows, but deviations due to mechanical and thermal turbulence are expected in the field. Turbulence was generated by a wooden frame holding five 1.5-cm threaded rods 1.5 cm apart centered at capitulum height 30 cm from capitula (Skarpaas et al. 2006 , Jongejans et al. 2007 .
PIV Images were taken with a Kodak Megaplus ES1.0 CCD (charge-coupled device) camera (Kodak, Rochester, New York, USA). Image pairs were taken 100 ls apart with pulse durations of 0.01 ls. Sequential image pairs were taken 133.25 ms apart. A range of distances between the camera and the rod (from 46.85 cm to 78.5 cm) were tested. A distance of 59.5 cm was found to be most suitable in terms of the image quality and desired field of view in our case.
The output of a Jem ZR12-AL smoke machine (Martin Professional, Å rhus N, Denmark) was connected to the wind tunnel by PVC pipe to provide seeding particles to act as tracers. Released particles had diameters of approximately 1-1.5 lm (R. Pocklington, personal communication); tracer particles should have aerodynamic diameters of around 1 lm (Melling 1997) . There were at least 10-25 particles per interrogation area (a subset of the full image area used to calculate average particle displacement). However, light reflection off pappi caused problems with whole image contrast that may have affected signal to noise ratios.
A Dantec Dynamics A/S PIV processor and Flow Manager software (Dantec Dynamics A/S) were used to synchronize the firing of the camera and lasers, as well as image processing. The Flow Manager software breaks the images produced by the camera into interrogation areas and uses fast Fourier transformations (FFT) and correlation techniques to determine the average spatial shift of particles within these areas between image pairs (Dantec Dynamics A/S 2002). Adaptive correlation, an iterative form of cross correlation between camera images, was used to process images. In cross correlation, the light intensity from an interrogation area at time t is compared to the light intensity in the same interrogation area at time t þ Dt, where Dt is the length of time in between camera images. This information is then transformed using FFT and spatial cross-correlation and used to estimate displacement functions as well as the highest peak in the correlation plane, which represents the average particle displacement within an interrogation area. Image processing noise is created if particles move into or out of interrogation areas between images (loss of pairs) or if images contain light regions not related to particle movement (which can include ambient light or reflected laser light). Adaptive correlation uses multiple cross correlations starting with an initial guess concerning particle displacement that is used to estimate a shift in the second image interrogation area. This allows the interrogation areas to become smaller and more precise in subsequent steps, while reducing loss of pairs by capturing particles that leave the interrogation area between images (Dantec Dynamics A/S 2002).
Images without dispersing seeds were chosen for PIV analysis to prevent possible difficulties with the software distinguishing light reflection from pappi with light reflection from tracer particles. The software settings that achieved the best results for adaptive correlation in our system can be found in Appendix B. Logistical constraints limited sample sizes. As a pilot study, 10 sequential vector maps were used to create averaged vector maps to begin to understand the mean dynamics of the system. Vorticity maps were created from the averaged vector maps to show the local and global rotation of fluid in the velocity field averaged over time, which highlights vortices and shear flows (Acheson 1990) . Shear flows (caused by gradients of increasing fluid velocity with distance from a surface) create vorticity because the difference in velocity leads to the generation of local angular velocity (Acheson 1990). Vorticity can be defined mathematically as the curl of the velocity field (Vogel 2003) , and whether vorticity is positive or negative depends on the direction of spin. The mathematical definition of curl can be found in Anderson (2001).
RESULTS AND DISCUSSION Fig. 1 shows pilot data of vector and vorticity maps of the air flow around a thistle capitulum in laminar (panel A) and turbulent (panel B) flows. A vertical air velocity gradient (blue arrows) is caused by air flow over the capitulum, which leads to high vorticity in this area due to shearing. This result is expected, as air velocity should be slow near the capitulum due to the no slip condition and increase with height until the velocity approaches the ambient wind speed (Vogel 2003) . As air flows around the capitulum, two regions of high circulation are formed in the wake (red arrows). These represent the development of a von Ka´rma´n vortex street. Von Ka´rma´n vortex streets are vortices of opposite spin that form in the wake of an object and are shed in an alternating fashion under certain flow conditions (Niklas 1992) . In panel A, the lower vortex might also be affected by vortices shedding behind the rod that supports the capitulum.
The Reynolds number of a system is a dimensionless ratio of inertial to viscous forces, which characterizes the flow. The Reynolds number (Re) is calculated as
where l is the characteristic length (the largest dimension of the object parallel to the ambient air flow), U a is the ambient wind speed, and v is the kinematic viscosity of the fluid (Burrows 1986 , Niklas 1992 . The characteristic length of a C. nutans capitulum varies with plant phenology (earlier capitula are larger), angle of the capitulum on the peduncle, and to what extent pappi have expanded. The capitula we worked with had characteristic lengths of around 3.5 cm. Capitula in this study had a Reynolds number of approximately 1.4 3 10 4 at ambient laminar wind speeds of 6 m/s. Cylinders at this Re would be expected to exhibit a turbulent von Ka´rma´n vortex street, while the wake of a sphere is more complex, with similar, alternating motion superimposing chaotic, irregular flow that twists in three dimensions (Blevins 1984) . A speed of 6 m/s is a high wind speed in the field, and von Ka´rma´n vortex streets are also expected at wind speeds down to approximately 0.017 m/s (Re of ;40).
Each vortex causes lateral forces to act on the capitulum. The strength of these forces (F ) can be calculated as
where C is the vortical circulation and q is the air density (Niklas 1992) . These forces cause side to side movement as vortices are shed from the wake at a frequency described by
at 100 , Re , 2 3 10 5 where St is the Strouhal number and d is the diameter of a cylinder or sphere (Niklas 1992) . The Strouhal number is dependent on shape and Re, and is approximately 0.15 for a sphere at this Re (Blevins 1984), so vortices are expected to shed from the wake of capitula at 25.7 Hz at this wind speed and Re.
Air velocity gradients above capitula near seeds, and wake circulation patterns observed here, qualitatively match theoretical predictions (Blevins 1984). These flow field characteristics are also potentially biologically important, and can be seen in laminar and turbulent flow conditions regardless of capitulum orientation. However, they must be discussed in terms of a few logistical caveats and unresolved methodological difficulties for this type of research. For example, the sample size of vector maps for averaging was too small to give a definitive understanding of the turbulent characteristics of the system, due to logistical constraints (Uzol and Camci 2001) . Tracer particle circulation through the wind tunnel could increase mean particle aerodynamic diameters, affecting how closely particle movement tracks air flow. In addition, the use of a rigid rod to hold capitula, while helpful for preliminary testing, also does not simulate stem movements with wind that could influence seed release.
However, the greatest methodological problem for the quantification of air flow around inflorescences and plant tissues is laser light reflection, which can lead to problems with whole image light contrast. Many lasers used for regular PIV applications, including the one we used, produce green wavelengths of light. This causes stem and leaf surfaces to appear as bright white patches on images, making images of whole plant sections impossible to process. In order to visualize the air flow around green plant structures, lasers that emit other wavelengths of light (van Hout et al. 2007 ) would be beneficial. Light reflection can also create challenges with pappus structures. Dye was investigated as a potential solution, but it did not penetrate to interior pappi even when capitula were soaked in dye for several hours. This made it difficult to get accurate vector maps for capitula with fully expanded pappi. Image processing to reduce reflection prior to adaptive correlation could alleviate this problem.
Implications
The biological implications of vertical velocity gradients over capitula and vortex shedding visualized by our PIV results are discussed in this section. In addition, other applications of PIV to seed release and dispersal research are addressed, with reference to methodological challenges to be overcome.
The vertical gradient in wind speed at the top of capitula could contribute to seed release (and dispersal) by producing lift for seeds. This difference in wind speeds should cause a gradient of air pressure around pappi, with lower pressure above and higher pressure below. This pressure gradient should still be located near seeds even if stem waving or nodding rotated capitula by 908. This could create a lift force (L) perpendicular to the mean air flow equal to the integral of the pressure multiplied by area around the surface of the entire unit:
where p is pressure, n is the normal vector for the lift surface, k is the unit vector orthogonal to the flow direction, and A is the surface area (Phillips 2004) . Lift is proportional to the dynamic pressure (0.5q 3 U 2 a ; Niklas 1992). Drag, also proportional to the dynamic pressure, is currently considered to be the motive force influencing seed release because the probability of seed release is proportional to the square of the wind speed (Greene 2005, Soons and Bullock 2008) . However, since there are two plausible aerodynamic forces (lift and drag) that are proportional to U 2 a , more research should be done to determine how each affects seed release, independently and together.
The magnitude of air circulation caused by von Ka´rma´n vortex streets has important implications for the forces acting on capitula exposed to the wind. Alternating lateral forces and induced oscillations caused by vortex shedding could play a mechanistic role in abscission and release of seeds from capitula by contributing to dynamic loading (short duration loads that vary in magnitude and direction) of stems by wind, which can produce forces that can shear seeds from inflorescences (Burrows 1986 , Niklas 1992 . Each branch section of a stem has its own natural frequency depending on length and stiffness (Niklas 1992) . Oscillations can become extreme if the vortex shedding frequency matches the natural frequency of a plant tissue (Niklas 1992) . Research into the mechanistic effects of dynamic loading on inflorescences is necessary, as gusts (another form of dynamic loading) have also been proposed to mechanistically increase seed release more than high wind speeds alone (Niklas 1992 , Jongejans et al. 2007 , Soons and Bullock 2008 ). An additional effect of vortices shedding from one capitulum is an increase in turbulence downwind at other capitula, which could increase seed release at these positions (Skarpaas et al. 2006 , Jongejans et al. 2007 ).
PIV could also be used to understand how wind interacts with plant morphology and physiology leading to seed release. Inflorescences with diverse shapes could be examined to understand how morphology affects seed release. For example, maternal tissues of some inflorescences may shield seeds from the wind, and wake flows could potentially act to prevent seed release (Burrows 1986) . Phenology is another important determinant of seed release (Jongejans et al. 2007) , and air velocities and vortices around an inflorescence may change with differences in morphology. Any external factors that affect pappus expansion or inflorescence morphology, such as floral herbivory or capitulum wetness (Shorthouse and Lalonde 1984 , Smith and Kok 1984 , Jongejans et al. 2007 , could also affect air flow around inflorescences. Water status may also affect dynamic loading and turbulence caused by stem waving, as stalk drying can increase the natural frequency of stem oscillations (Niklas 1992) . Changes to average temperatures, precipitation, and wind regimes are expected due to climate change (Meehl et al. 2007) , and wind tunnel PIV experiments can add to our understanding of how changes in plant morphology and physiology will interact with changing wind conditions. Turbulence is high inside plant canopies (Raupach and Thom 1981) , and PIV could be used to mechanistically address the effects of this turbulence on seed release. Due to interference of plant structures with laser light penetration into the canopy, this can most easily be done with low density plants, sparse canopies, or unshaded inflorescences at the top of plants. Whole plant sections could be placed into the wind tunnel and the air flow around inflorescences at different positions on the plant could be compared to allow the mechanistic effects of turbulence and wind speed on seed release to be integrated over entire plants for species with inflorescences located at a range of heights and proximity to plant or patch exteriors. Other fluid dynamics techniques, such as laser doppler or acoustic doppler velocimetry offer other alternatives for low density canopies (Nepf 1999 , Poggi et al. 2004 , Pietri et al. 2009 ). While significant stem waving could also lead to problems with PIV measurement, relationships between turbulence and stem waving are an interesting area of active research (Finnigan 1979 , Py et al. 2006 . One creative way to address stem waving is to use correlation analysis developed for PIV to create spatial vector maps of the horizontal velocity of canopy plants (Py et al. 2006) . Other challenges include necessary improvements to turbulence theory and the ability to simulate solutions to the Navier-Stokes equations, which describe incompressible fluid flow, at high Re (Nelkin 1992) . More general technical challenges are described by Adrian (2005) .
With the right experimental setup, PIV can be used in the field as well as the wind tunnel (Zhu et al. 2006 , van Hout et al. 2007 ). For example, Nimmo Smith et al. (2002) achieved an area of view of 0.5 3 0.5 m per camera for a submersible PIV platform. Field PIV could be used to examine how a variety of weather conditions, such as updrafts caused by high winds and mechanical turbulence or low winds and thermal turbulence, affect air flow around inflorescences in natural plant canopies. This will also shed light on the debate about which atmospheric conditions would be expected to be most important for long distance dispersal (LDD) for different species (Soons et al. 2004 , Wright et al. 2008 , because a set of atmospheric conditions cannot lead to LDD if these conditions do not lead to seed release. At the same time, ''edge effects'' or fluid flows at the boundary between vegetation types (such as between forest edges and grasslands) are a current topic of applied fluid mechanics research (Pryor et al. 2008) . PIV could be used to address how these unique flows affect seed release and transport in areas of spatially heterogeneous vegetation.
Field PIV measurements may also be used to confirm the hypothesis proposed by Horn et al. (2001) that Bernoulli sailing could increase seed dispersal distances under conditions of high wind speed and turbulence.
Bernoulli sailing occurs when small velocity gradients cause pressure differences on both sides of a seed, drawing seeds towards higher velocity flows and into large eddies where they travel at greater than average wind speeds (Horn et al. 2001) . Proving that these velocity gradients exist, and last long enough, would require precise, small scale air velocity measurements (Horn et al. 2001 ) that are possible using PIV (Adrian 2005).
CONCLUSIONS
The timing of nonrandom seed release with respect to environmental conditions is a key determinant of when and where seeds disperse (Wright et al. 2008) , and could have an even greater effect on LDD than seed terminal velocity (Greene 2005 , Schippers and Jongejans 2005 , Nathan 2006 ). Therefore, the study of nonrandom seed release has strong implications for many important topics in ecology (e.g., Cain et al. 2000 , Nathan and Muller-Landau 2000 , Levin et al. 2003 , Nathan 2006 . PIV is already used extensively to study animal movement (Drucker and Lauder 2001 , Bomphrey et al. 2005 , Warrick et al. 2005 ), and we argue that PIV would also be a very useful tool for studying the movement of plants through seed release and dispersal. While there are some methodological issues that still need to be resolved, the results of our pilot study qualitatively match theoretical predictions, and highlight areas for future research. The use of PIV technology will undoubtedly lead to new insights into the mechanisms of seed release and dispersal for wind dispersed plant species, and it represents an exciting technique at the intersection between seed dispersal ecology and fluid dynamics.
